I
ntrathoracic lymph node evaluation plays a critical role in lung cancer staging, and subsequent therapeutic strategy. 1 Patients with nonsmall cell lung cancer metastatic to mediastinal lymph nodes are offered chemotherapy with or without the addition of radiation and/or surgery, whereas patients without mediastinal lymph node involvement typically undergo surgical resection as the first line of treatment. Lymph node evaluation usually begins with noninvasive imaging modalities, such as computed tomography (CT) and positron emission tomography (PET). 2, 3 Histologic examination is the standard of care in the assessment of lymph node metastasis, and necessitates tissue sampling. Transbronchial needle aspiration (TBNA) of enlarged and/or PET positive nodes is a very common clinical approach for initial lymph node assessment in lung cancer patients and has high specificity, but this technique is subject to sampling error with sensitivity ranging from 0.5 to 0.7. 4 Endobronchial ultrasound (EBUS) has been shown to be a highly impactful biopsy guidance tool in the evaluation of lymph nodes with TBNA, with reported sensitivities of 87%. [4] [5] [6] However, there are still false negative cases because of sampling error. [4] [5] [6] Rapid On-Site Evaluation (ROSE) of TBNA cytology has been implemented by many to help alleviate this problem. Although an effective technique, ROSE is a retrospective assessment of collected cytology, and therefore, still has false negative cases because of biopsy sampling error. ROSE can also be time consuming and costly, as often multiple passes need to be assessed and an on-call pathologist is required for assessments. 7 In addition, tumor yield is important in the clinical context of node-positive lung cancer as this often is the only source of tumor, and sufficient volumes are needed for both diagnostic purposes and molecular testing. Unfortunately, ROSE cannot determine if adequate amounts of tumor have been collected for all diagnostic tests. The ability to assess lymph node tissue with microscopic resolution before tissue collection could guide sampling towards regions of pathology, when present, which could improve sampling error and increase tumor volume yield as a complement to ROSE.
Optical coherence tomography (OCT) is a noncontact high-resolution imaging tool that provides information about tissue microstructure. OCT uses near infrared light to generate crosssectional images with resolutions of <10 μm, and penetration depths of approximately 2 to 3 mm in tissue. 8, 9 Numerous applications of OCT have been described in pulmonary medicine, including the use of OCT for biopsy guidance. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Needlebased OCT catheters have been developed by many groups. [24] [25] [26] [27] [28] [29] [30] [31] Tan et al 24 developed a thin, flexible needle-based OCT imaging catheter that is compatible with standard bronchoscopy TBNA needles, and allows for OCT imaging and tissue collection with the same needle. The ability to distinguish airway wall and lung parenchyma from lung nodules with OCT has been shown to have high sensitivity and specificity, and could increase diagnostic yield by confirming placement of the biopsy needle and guiding optimal site selection for tissue acquisition. 13, 24 Needle-based OCT imaging performed during TBNA has potential to play an important role in the evaluation of thoracic lymph nodes. OCT could provide intraprocedural microscopic assessment to aid the bronchoscopist in targeting abnormal appearing lymph node regions for tissue sampling, which could reduce sampling error and improve diagnostic yield. Other groups have assessed benchtop in-air OCT imaging of ex vivo axillary lymph nodes in breast cancer. [32] [33] [34] [35] [36] [37] However, studies have not been performed to assess catheter-based or needle-based OCT in lymph nodes, and therefore, feasibility for in vivo OCT biopsy guidance has not been assessed. In this manuscript, we perform needle-based OCT imaging of human thoracic lymph nodes to assess the potential for intraprocedural lymph node biopsy guidance to increase diagnostic yield. We utilize needle-based OCT to describe and compare morphological OCT features of benign thoracic lymph nodes against those harboring metastatic carcinoma, and identify OCT imaging characteristics that may predict pathology, and guide selection of the optimum biopsy site during TBNA to increase diagnostic yield.
MATERIALS AND METHODS

OCT Imaging
This study was approved by the Partners Human Research Committee Institutional Review Board (protocol number 2010P0002214). Intact thoracic lymph nodes, fixed in 10% neutral buffered formalin solution, were harvested from autopsy and surgical resection specimens obtained from patients with and without known lung cancer. Lymph nodes were imaged ex vivo using an OCT needle probe. The details of the catheter design have been previously reported. 24 Briefly, the OCT catheter consists of an imaging core housed inside a transparent polyimide sheath. The imaging core consists of an optical fiber, distal focusing elements, and a nitinol drive shaft. In order to gain access to the lymph node, an OCT catheter was inserted through a standard 18-gauge needle, which was used to transverse the lymph node. The needle was then retracted, leaving the OCT catheter within the lymph node. Whenever possible, OCT imaging was conducted along needle tracts that traverse both the airway wall and adjacent lymph node. The imaging core was pulled back at a rate of 0.25 mm/s and OCT imaging was acquired at a rate of 33 frames per second (frame size: 2248×2048) along the long axis of the needle tract. After imaging, the needle was readvanced over the OCT catheter along the imaged track, and tissue ink was used to mark the OCT imaging region for subsequent registration with histology.
Histology Processing
Following OCT imaging, lymph nodes were bisected along the needle tract, and submitted for histologic processing, sectioning, and staining. Histology sections were cut to traverse the needle tract for registration with OCT imaging, and stained with Hematoxylin & Eosin (H&E). The prepared histology slides were subsequently digitized using a whole slide scanner (NanoZoomer RS, Hamamatsu; Hamamatsu City, Japan).
OCT Imaging Processing
The volumetric OCT datasets were imported into ImageJ 1.38w (National Institutes of Health) for processing and registration to the digitized histology slides. OCT image stacks were scaled and resliced to generate longitudinal slices corresponding to histology. All OCT images were displayed using a grayscale lookup table.
Image Interpretation
The OCT images were assessed in conjunction with the corresponding histology slides by the research team, which included 2 pulmonologists, 1 OCT expert, and 1 pathologist with expertise in OCT imaging. Image interpretation criteria were developed based on architectural features visible in both the OCT and corresponding histology.
RESULTS
A total of 31 volumetric OCT datasets were obtained from 26 human thoracic lymph nodes: 20 benign lymph nodes, including normal, reactive, and anthracotic (pigment-laden) lymph nodes, and 6 lymph nodes containing metastatic carcinoma. Metastatic adenocarcinoma and squamous cell carcinoma (SCC) were present in 2 and 4 lymph nodes, respectively. Multiple sites within a single large lymph node were imaged if the sites were spatially distinct. Mean lymph node dimensions were 1.6 cm×1.2 cm and 2.1 cm×1.5 cm for benign and malignant lymph nodes, respectively.
Normal/Benign Lymph Nodes
OCT imaging of benign lymph nodes revealed distinct patterns of architecture that reflected the features seen in corresponding histology ( Fig. 1) . Regions with lymphocytes appear homogeneous with moderate signal intensity and minimal microarchitectural variation. Lymphoid follicles are seen as evenly round structures with moderate signal intensity and ill-defined borders. In reactive lymph nodes, lymphoid follicles are more numerous, and more likely to contain germinal centers that appear as signal-void regions within follicles. Histiocytes containing anthracotic pigment are commonly present within thoracic lymph nodes, and appear on OCT as regions with rapid signal attenuation containing minute, high signal intensity punctate structures.
Perinodal adipose tissue is visualized on OCT as aggregates of small, evenly round signal-void structures with thin, signal-intense walls resembling a "soap bubble" appearance. Hilar vessels appear as rounded structures with a central lumen when imaged on cross-section, and as a cylindrical or serpentine structure with a central lumen when imaged longitudinally.
Malignant Lymph Nodes
Metastatic carcinoma within lymph nodes has a more heterogeneous appearance than benign lymph node tissue, with irregular architecture and variations in signal intensity and attenuation. Squamous cell carcinoma within the lymph nodes appears on OCT as irregularly shaped, signal-intense nests (Fig. 2) . SCC nests containing central necrosis on histology appear as nested structures with a signal-intense periphery and central signal-poor homogeneous tissue that corresponds to the necrotic region. When compared with lymphoid follicles, nests of SCC have a more irregular shape and well-defined borders. Metastatic adenocarcinoma in the lymph node appears as regions containing round or angulated signal-poor structures, and lacks the irregular signal-intense nests seen in SCC (Fig. 3) . A summary of the OCT imaging findings for benign and malignant lymph nodes is presented in Table 1 .
Transbronchial Imaging of Lymph Nodes
Transbronchial tissue sampling of lymph nodes requires the needle to traverse an airway in order to access a lymph node beyond the airway wall. OCT imaging along needle tracts that traverse both the airway wall and adjacent lymph node (Fig. 3) demonstrates visualization of the layered airway wall architecture, including the epithelium, lamina propria, and cartilaginous rings. The airway wall on OCT imaging is morphologically distinct from the adjacent lymph node in both benign lymph nodes and those containing metastatic carcinoma.
DISCUSSION
Bronchoscopic TBNA, a common technique used to sample lymph node tissue as part of lung cancer staging, can suffer from sampling error even when guidance techniques, such as EBUS, are employed. In this study, we conducted OCT imaging of human thoracic lymph nodes, and demonstrated that needle-based OCT can provide information about lymph node microarchitecture that could be used for intraprocedural TBNA sampling site guidance during lung cancer staging.
We demonstrated that OCT imaging features of normal/benign lymph nodes, such as lymphoid follicles, macrophages, and adipose tissue, are identifiable and distinct from OCT imaging features of metastatic carcinoma in lymph nodes. We also investigated OCT imaging of features unique to thoracic lymph nodes, such as the need to traverse an airway to gain access to these nodes, and the presence of pigment-laden macrophages. This is an essential first step in the translation of OCT technology to clinical use as part of thoracic lymph node assessment and biopsy guidance. Microstructural needle-based OCT imaging has potential to play an important complementary role in the evaluation of thoracic lymph nodes, specifically to guide intraprocedural selection of optimal biopsy site in real time and potentially increase diagnostic yield. 13 OCT also has potential to aid in guiding biopsy sampling in other lymph node locations, such as cervical and supraclavicular lymph nodes.
OCT imaging features of metastatic squamous cell carcinoma, such as regions of hyper-intense signal with signal poor central necrosis, and adenocarcinoma, such as areas of round/angulated signal poor glandular structures, are consistent with the OCT imaging characteristics of primary lung SCC and adenocarcinoma described by Hariri et al. 12, 14 It is possible that OCT may also be useful to help avoid biopsy of necrotic and/or fibrotic tissues frequently associated with carcinoma, as demonstrated in prior work by our group. 13 The tumor foci in this study were not microscopic. Regions with lymphocytes (L) appear homogeneous with moderate signal intensity and minimal microarchitectural variation. Lymphoid follicles (F) are seen as round, homogeneous structures with moderate signal intensity and ill-defined borders. Histiocytes containing anthracotic pigment (P) appear as regions with very rapid signal attenuation containing minute, high signal intensity punctate structures (P). Perinodal adipose tissue (Ad) is visualized on OCT as aggregates of small, evenly round signal-void structures with thin, signal-intense walls resembling a "soap bubble" appearance. Hilar vessels (V) appear as rounded structures with a central lumen when imaged on cross-section, and as a cylindrical or serpentine structure with a central lumen when imaged longitudinally (V). Scalebars: 1 mm.
Future studies will be needed to assess lymph nodes with microscopic tumor foci to further investigate the usefulness of OCT in this setting. Given that OCT provides rapid 3D imaging of tissue volumes significantly larger than the needle sampling volume, we anticipate that combined EBUS and OCT guidance may provide an improved diagnostic yield over EBUS-guided sampling alone in these cases.
Although implementation of ROSE is an effective method to assess TBNA cytology, it is a retrospective assessment of collected material rather than a prospective assessment of biopsy site. 7 This can result in lengthy and costly procedures, as often multiple passes must be assessed to ensure diagnostic material is present, with an on-site pathologist on stand-by in between passes. Needle-based OCT could complement ROSE by providing prospective in vivo guidance of biopsy site selection with microscopic resolution, and therefore, reducing the number of passes requiring ROSE.
During TBNA, inadvertent biopsy of airway wall components can contaminate tissue samples and compromise diagnostic yield. We observed that OCT was able to distinguish airway wall, including individual airway wall layers, from adjacent lymph node tissue. This ability has potential to help guide needle localization to the targeted lymph node and minimize inadvertent airway wall sampling, which would be especially beneficial in the setting of small lymph nodes.
Anthracotic pigment from smoking or environmental exposure is frequently encountered in thoracic lymph nodes, but is typically absent in lymph nodes outside the thorax. We demonstrated that the presence of anthracotic pigment within lymph nodes resulted in increased light scattering and reduced penetration on OCT. Studies have shown that the presence of microscopic anthracotic pigmentation in thoracic lymph nodes is significantly associated with FIGURE 2. Needle-based OCT imaging (A) and histology (B) of metastatic squamous cell carcinoma in lymph node. Metastatic carcinoma within lymph nodes is more heterogeneous in appearance than benign lymph node tissue, with irregular architecture and variations in signal intensity and attenuation. Squamous cell carcinoma within the lymph nodes appears on OCT as irregularly shaped, signal intense nests (N). SCC nests containing central necrosis on histology appear as nested structures with a signal intense periphery and central signal-poor homogeneous tissue that corresponds to the necrotic region. When compared with lymphoid follicles, nests of SCC have a more irregular shape and well-defined borders. Perinodal adipose tissue (Ad) can also be seen on OCT. Scalebars: 1 mm. FIGURE 3. Needle-based OCT imaging (A) and histology (B) of metastatic adenocarcinoma in lymph node through airway wall. Metastatic adenocarcinoma in the lymph node appears as regions containing round or angulated signal poor gland-like structures (G), and lacks the irregular signal intense nests seen in SCC. Bronchoscopic needle-based tissue sampling of thoracic lymph nodes traverses airways to access lymph nodes beyond the airway wall. In this example, needle-based OCT imaging traverses both the airway wall (Airway) and adjacent lymph node (LN), and demonstrates visualization of the layered airway wall architecture, including the epithelium (E), lamina propria (LP), and cartilaginous rings (C). The airway wall is morphologically distinct from the adjacent lymph node. The histology for this sample suffered some artifacts from processing and sectioning, however, the histological features are identifiable. Scalebars: 1 mm. 38 Although this pigment results in reduced penetration depth, its presence may be a useful OCT imaging characteristic as an indicator of benign lymph node tissue, which would be beneficial information in guiding biopsy site selection. If it is determined that the reduced penetration limits adequate intraprocedural assessment, the needle could be repositioned to obtain additional OCT data. Further studies will be performed to assess the usefulness and/or limitations of anthracotic pigment in OCT guidance of lymph node sampling. In addition to the 18-gauge needle-based OCT probe used in this study, we have also developed 19-gauge and 21-gauge needle-based OCT probes, all of which are compatible with commercially available TBNA needles. We have conducted studies assessing the performance of our needle-based OCT probes at various bends, to simulate potential in vivo bronchoscopic situations, and found that imaging was achievable without significant imaging artifacts even with a sharp 90 degree turn at the distal probe end. 39 We performed this study in the ex vivo setting in order to obtain one-to-one matched histology for precise, accurate OCT criteria development, which is not achievable in the in vivo setting. However, there are several important factors that must be considered with ex vivo imaging. Tissue degradation after excision may impact tissue quality, and therefore, image quality. The histology examined on all our tissues showed no appreciable signs of degradation. Because of the need to complete pathologic evaluation for clinical purposes, the lymph nodes imaged in this study were fixed in 10% formalin before OCT imaging. However, studies have been performed comparing OCT imaging of fixed versus fresh tissues, and have demonstrated that fixation does not introduce significant differences in optical properties in OCT. 40 Therefore, we do not anticipate that the formalin fixation affected image quality.
In this study, we describe needle-based OCT imaging characteristics of both benign thoracic lymph nodes and those harboring metastatic lung carcinoma, which demonstrate the potential of OCT as an intraprocedural guidance method for TBNA. However, future large-scale studies are required to assess the sensitivity and specificity of the OCT imaging features, as well as to assess the ability to detect microscopic foci of metastatic carcinoma. In addition, studies assessing the in vivo translation of needle-based OCT for TBNA lymph node biopsy guidance will need to be performed to assess the true clinical impact.
Translation to the in vivo setting may result in potential limitations not encountered ex vivo. Bleeding, known to occur in the setting of multiple TBNA passes, may result in loss of optical signal quality. However, the vessels that are the source of the bleeding are primarily located within the airway wall, rather than within the lymph node. Lymph nodes contain high numbers of lymphatic vessels, which do not contain blood cells that scatter OCT incident light and obstruct the field of view. In addition, in the setting of needle-based OCT guidance, imaging would precede tissue collection. Even if multiple OCT imaging tracks are required to find an ideal site for biopsy, the repeat advances into the tissue would be to place a needle for imaging, rather than to repeatedly apply suction and agitate tissue to collect cells for pathology assessment. Because of these aspects, we anticipate that small volume saline flush would be adequate to remove any blood contamination, which has been highly effective even in the setting of coronary artery imaging. We have conducted preliminary in vivo studies assessing needle-based OCT in swine animal models, and did not encounter difficulties with bleeding obstructing the OCT field of view. Accumulation of airway secretions may lead to distorted airway images, but suction can be employed to remove mucus and other secretions. Image artifacts related to motion from cough, as well as cardiac and respiratory motion may occur. Acquisition of in vivo OCT data using rapid frame rates has been shown to allow for successful visualization of fine imaging features in the lung in numerous published studies. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In addition, placement of the needle within the lymph node will likely serve to stabilize the OCT catheter within the tissue, and mitigate motion artifacts.
CONCLUSIONS
In this study, we demonstrate feasibility for needle-based OCT of thoracic lymph nodes, with pathologist interpretation of OCT images, which is an essential first step towards translating the technology to intraprocedural clinical use. We assessed OCT imaging characteristics of benign and malignant human thoracic lymph nodes as compared with histology. Our results suggest that benign lymph nodes and lymph nodes with metastatic carcinoma have distinct OCT imaging features that could potentially be useful to guide clinical TBNA lymph node sampling. Although not a substitute for histologic examination, identification of characteristic findings on OCT imaging may guide the selection of optimum biopsy site, which could reduce sampling error, increase diagnostic yield, and provide clues about histologic diagnosis. However, larger studies are required to validate OCT imaging characteristics in lymph node assessment, including training physicians on OCT interpretation, to determine sensitivity and specificity. We have already successfully conducted similar studies evaluating OCT for the assessment and diagnosis of primary lung carcinomas, including carcinoma subtype, and demonstrated high sensitivity and specificity. 10, 12 
